Luonnontieteiden This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Small-scale pellet boilers and stoves became popular as a wood combustion appliance for 21 domestic heating in Europe, North America and Asia due to economic and environmental 22 aspects. Therefore, an increasing contribution of pellet boilers to air pollution is expected 23 despite their general high combustion efficiency. As emissions of primary organic aerosol 24 (POA) and permanent gases of pellet boilers are well investigated, the scope of this study 25 was to investigate the volatile organic emissions and the formation potential of secondary 26 aerosols for this type of appliance. Fresh and aged emissions were analysed by a soot-27 particle aerosol time-of-flight mass spectrometry (SP-AMS) and the molecular composition of 28 the volatile precursors with single-photon ionisation time-of-flight mass spectrometry (SPI-29 TOFMS) at different pellet boiler operation conditions. Organic emissions in the gas phase 30 were dominated by unsaturated hydrocarbons while wood-specific VOCs, e.g. phenolic 31 species or substituted furans, were only detected during the starting phase. Furthermore, 32 organic emissions in the gas phase were found to be correlated to fuel grade and 33 combustion technology in terms of secondary air supply. Secondary organic aerosols of 34 optimised pellet boiler conditions (OPT, state-of-the-art combustion appliance) and reduced 35 secondary air supply (RSA, used as a proxy for pellet boilers of older type) were studied by 36 simulating atmospheric ageing in a Potential Aerosol Mass (PAM) flow reactor. Different 37 increases in OA mass (55 % for OPT, 102 % for RSA), associated with higher average 38 carbon oxidation state and O:C, could be observed in a PAM chamber experiment. Finally, it 39 was found that derived SOA yields and emission factors were distinctly lower than reported 40 for log wood stoves.
climate through its higher hygroscopicity and impact on cloud formation compared to the 81 primary organic aerosol (POA) (Trivitayanurak and Adams, 2014) . Recently, it has been 82 found that the SOA formation from log wood combustion emissions is strongly dominated 83 only by few compounds (Bruns et al., 2016), which mainly belong to the group of aromatic 84 and functionalised aromatic hydrocarbons. Therefore, high concentrations of VOCs do not 85 have to be related to high SOA formation potential and vice versa. To the best of our 86 knowledge, only few studies have investigated the SOA formation from small-scale pellet 87 stoves, but of the same manufacturer, by using a smog chamber or micro smog chamber 88 flow reactor to generate SOA and a high-resolution aerosol mass spectrometer (Corbin et al., 89 2015; Heringa et al., 2011; Keller and Burtscher, 2012) . In addition to that, the easing effect 90 of pellet boiler emissions on SOA formation from α-pinene was recently described (Kari et al., 91 2017) . 92
The scope of this study is to give a more detailed view over the organic emissions in the gas 93 phase, to extend the database of emission factors (EFs) of volatile organic compounds 94 (VOC) under different operating conditions for a combustion appliance becoming steadily 95 more common and to evaluate its SOA formation. 96 
Experimental 97
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Gas measurements 119
Main components of the flue gas including carbon monoxide (CO), carbon dioxide (CO 2 ), 120 oxygen (O 2 ) and nitrogen oxides (NO x = NO+NO 2 ) were measured continuously by a gas 121 analyser system (ABB, Limas 11 UV, Switzerland) at 2 s time resolution. The sum emissions 122 of organic gaseous carbon (OGC) were quantified by a flame ionisation detector (ABB, Multi-123 FID 14, Switzerland), which was calibrated against propane. Water and methane were 124
analysed by Fourier-transformed infrared spectroscopy (FTIR) gas analyser (Gasmet, 125 Finland). All gaseous emissions were measured directly from undiluted stack gas through an 126 insulated and externally heated sampling line at 180 °C. 127
Single photon ionisation time-of-flight mass spectrometry (SPI-TOFMS) for VOC 128 analysis 129
VOCs were analysed by a time-of-flight mass spectrometer (TOFMS; Compact Reflectron 130
Time-of-Flight Spectrometer II, Kaesdorf Geräte für Forschung and Industrie, Germany) with 131 single-photon ionisation (SPI) at 118 nm (photon energy of 10.49 eV). A detailed description 132 of the instrumental setup can be found elsewhere (Czech et al., 2016) . In brief, undiluted hot 133 flue gas was filtered and sampled at 220°C with stepwise increasing temperature to 245°C to 134 prevent condensation. Entering the ionisation chamber of the mass spectrometer, flue gas 135 components are hit by a laser beam (Nd:YAG, Spitlight400, Innolas GmbH, Germany) with a 136 wavelength of 118 nm for single-photon ionisation (SPI). SPI refers to a soft ionisation 137 technique, thus leading to predominantly molecular ions and low fragmentation. In principle, 138 compounds with ionisation energies below the applied photon energy of 10.49 eV can be 139 ionised (Hanley and Zimmermann, 2009 ). Finally, mass spectra were acquired at 20 Hz, 140 averaged and stored with 1 s time resolution. During the combustion experiments, D 3 -toluene 141 (toluene (methyl-D 3 ), 98% purity, Cambridge Isotope Laboratories Inc., USA) was constantly 142 added as internal standard (IS) leading to a concentration of 91 µl/m 3 (= 91 ppbv) in the raw 143 gas. Semi-quantification of selected volatile species was based on photoionisation crossM A N U S C R I P T
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To analyse the organic fraction of primary and aged pellet boiler OA, a soot particle aerosol 147 mass spectrometer (SP-AMS, Aerodyne Research Inc., USA) (Onasch et al., 2012) was 148 applied with 100 % transmission for particles covering a vacuum-aerodynamic diameter from 149 75 nm to 650 nm (Liu et al., 2007) . The SP-AMS is equipped with a continuous wave laser 150 vaporiser at 1,064 nm based on single particle soot photometer technology (SP2, Droplet 151 Measurement Technologies, CO, USA; (Stephens et al., 2003) ) which enables in 152 combination with the thermal vaporiser (600 °C) to study non-refractory as well as refractory, 153
light absorbing particles such as refractive black carbon (rBC). Vaporised particle 154 components were ionised by electron impact at 70 eV. Subsequently formed ions were 155 
PAM flow reactor and ageing experiments 167
The PAM flow reactor in this study was firstly constructed by (Kang et al., 2007) and basically 168 used in the version and settings described by (Bruns et al., 2015) . PAM aims to investigate 169 the maximum OA mass after oxidation of precursor gases, nucleation, condensation and 170 gas-particle-partitioning within a short time period in contrast to real-time ageing in smog 171 chambers. Therefore, elevated concentrations of OH compared to typical ambient levels are 172 applied (Li et al., 2015) . Briefly, the PAM comprises of a single glass cylinder of 0. OPT two cycles and for RSA one cycle were included in the data evaluation. 197
It has been reported that particle wall losses affect the measured SOA yield (Lambe et al., Increases in OA mass (OA enhancement ratios (ER OA )) when UV light was switched on were 206 calculated after normalisation to rBC, which intrinsically includes the size-dependence of the 207 particle wall losses in the size-range of AMS particle transmission. 208
The calculation is equal to the method described by (Grieshop et al., 2009 ) with replacing BC 210 by rBC. ER OA > 1 stands for a net increase in OA mass where as ER OA < 1 mean a loss in 211 OA mass. Concentrations of OGC inside the PAM were calculated from measurements 212 before the PAM and the respective dilution ratio. In contrast to particles, losses of vapours 213 are regarded as negligible due to the short residence time (Ortega et al., 2013) . 
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operation conditions 228
All acquired mass spectra were sorted by operation condition and averaged ( 
Modified combustion efficiency, concentrations and emission factors of gases 266 and VOCs 267
Mean EFs in mg/MJ with standard deviation for repeated measurements were calculated 268 according to the Finnish Standard Association method SFS 5624 as described by (Reda et 269 al., 2015) and presented in Table 3 . Additionally, median, 5th and 95th percentile of all data 270 points under one condition can be found in Table S2 of the supplemental material, which 271 describes the temporal appearing variances of the emission in a more appropriate manner. 272
The observed modified combustion efficiencies (MCE = ∆CO 2 /(∆CO 2 +∆CO)) were found to 
Classing the applied pellet boiler with small-scale automatically-fed pellet boiler of previous 303 studies, it can be summarised that emission factors of CO and volatile organics were at the 304 lower end of the published range, whereas NO x was located in the mid-range of literature 305
EFs (Table S3) , which is mainly caused by the lower nitrogen content of the pellets. ) by a factor of six for acetaldehyde and a factor of two for 325 C 3 -to C 5 -carbonyls compared to the primary emission (Fig. S3) . Further secondary volatile 326 species could not be detected by SPI-TOFMS due to too high ionisation energies, possible 327 fragmentation or too low concentrations. A statement about the secondary volatile species 328 for RSA cannot be made because of a malfunction in data acquisition. formation, but the initial POA concentration was low compared to organic compounds in the 353 gas phase (Table 2) , which might be the reason for the insignificance of OA increase. 
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On that account, it is likely that the high number of double bond equivalents of the primary 360 emitted organic compounds induce higher gas-to-particle conversion rates than other organic 361 vapours of lower double bond equivalent numbers. 362
Photooxidation of RSA pellet boiler emissions led to a higher growth in OA than 363 photooxidation of OPT emissions with an ER OA of 2.02 (p = 2.8·10 -4
). The reduction of 364 secondary air by 30 % enhances POA mass by a factor of ~5, which agrees with the findings 365 of (Lamberg et al., 2011b) , whereas OGC in this study increased only by a factor of ~1.5 366 (Table 3 ). Similar to the higher ER OA , RSA revealed higher SOA formation on an absolute 367 scale, where the increase in OA is even one order of magnitude higher for RSA than OPT. 368
It might be that the relatively low OH exposure of 17.6·10
6 molec cm -3 h did not cover the full 369 SOA formation potential. Towards higher relative humidity as used in other ageing studies of 370 wood combustion emissions, the OH concentration were found to increase exponentially 371 (Fig. 3) . 399
Taking into consideration that apart from carbonyls all m/z appeared with lower abundances 400 in the SPI mass spectra with UV-lights on, gas-to-particle conversion was more likely the 401 main mechanism for increasing OA mass than heterogeneous oxidation. The OM/OC ratios 402 were elevated from 2.39±0.78 (OPT) and 2.60±0.31 (RSA) to 3.44±0.12 (OPT) and (Table S4) . 408
High resolution mass spectrometric analysis of pellet boiler PM 409
The high resolution of the SP-AMS enables separation of isobaric ions and subsequent 410 sorting into classes. Oxygenated species CHO 1 and CHO n>1 dominated mass spectra of POA 411 with 11 % and 53 % while CH represented 6 % in particles of OPT. For RSA, POA contained 412 similarly high fractions of CHO n>1 (47 %) and more of CH (22 %) and CHO (18 %) compared 413 to OPT. CH species decayed during ageing covered by increasing fractions of oxygen-and 414 nitrogen-containing species as expected. However, while CHO n>1 (for OPT and RSA) and 415 CHO (for OPT) remained almost constant during ageing, aged OA from RSA emissions 416 contained a significantly larger fraction of single-oxidised species CHO than non-aged POA 417 (Fig. 4) . Furthermore, the remaining organic fraction (total organic reduced by CH, CHO and 418 CHO n>1 ) of most likely CHN and CHNO species (= CHN(O)) were elevated from 4 % to 13 % 419 for RSA and from 26 % to 29 % for OPT, indicating the formation of nitrogen-containing 420 organic compounds such as peroxyacyl nitrates or nitro compounds. 421
In a detailed view at single ions (Fig. S4) (Table S5) . 439 3.2.5. Secondary organic carbon bulk yield (SOC yield ) and SOA formation potential 440
To calculate bulk yield of secondary organic carbon (SOC yield ), non-aged POA concentration 441 was subtracted from aged OA concentration to obtain SOA resulting from gas-to-particle 442 conversion. The known ratio of OM to OC was further incorporated to calculate the 443 concentration of secondary SOC. Finally, SOC was set in relation to OGC, reduced by 444 methane to non-methane organic gaseous carbon (NMOGC) ( Table 2) , assuming an equal 445 FID response factor for both propane and methane, to reveal the relative amount of OGC 446 which was transferred from gaseous into the particulate phase. For the SOC yield we 447 assume that all NMOGC reacted despite the for PAM chamber relatively low OH exposure. 448
While for RSA the conversion from OGC to SOC was 39.5 %, for OPT 4.1 % of NMOGC 450 reacted with atmospheric oxidising agents to products of lower volatility which condense in 451 the particulate phase. Thus, modern small-scale pellet boilers do not only emit low amounts 452 of OA, but also account for a low contribution to the total particle level in ambient air after 453 atmospheric conversion processes. 454
An estimation of SOA formation potential for BSP and BBP can be done by consideration of 455 most contributing species to SOA formation (indicated by asterisk). Multiplication of i EFs of 456 primarily emitted species, in this case of benzene, toluene, indene, naphthalene and methyl-457 naphthalene (Table 3) The SOA obtained by the combustion of the same amount of wood differs by one order of 475 magnitude for this study compared to Keller & Burtscher (2012) for optimal as well as for 476 reduced air conditions (Table 4) , but their pellet stove was not equipped with air staged 477 secondary air supply. Furthermore, both observed and calculated SOA mass per MJ during 478
OPT are two orders of magnitude below the mean EF of 5±5.5 mg/MJ reported for the 479 flaming phase of modern log wood stoves and three orders of magnitude lower than old 480 wood stoves (Heringa et al., 2011 ). However, it should be kept in mind that EFs for 481 batchwise log wood combustion and consequently the SOA formation potential, which is 482 often reported solely for the first batch, may change enormously with ongoing batches when 483 the temperature of the stove's combustion zone increases (Czech et al., 2016) . 484
Nevertheless, regarding these four combustion appliances, it is concluded that with improved 485 combustion conditions not only the emission of VOCs is reduced, but also the SOA formation 486 is suppressed. 487 
Conclusion 495
Primary and aged organic aerosol as well as VOCs from a small-scale pellet boiler were 496 investigated by SP-HR-AMS and SPI-TOFMS. During continuous operation OPT, RSA and 497 M A N U S C R I P T
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In experiments with the PAM flow reactor, ER OA of 1.55 and 2.02 were found for aged OA of 504 OPT and RSA, respectively, which emphasises the relevance of organic vapours to total OA 505 emission in ambient air not only for log wood stoves, but also for pellet boilers. Furthermore, 506 the SOA formation potential was found to decrease with improvements of combustion 507 technology from old log wood stoves (Heringa et al., 2011) to pellet boilers with air-staged 508 secondary air supply by three orders of magnitude. However, a higher number of replicates 509 has to support the evidence from these ageing experiments. 
